Summary. As the first step toward understanding the identity and functions of thymic macrophages in situ, we examined the phenotypic heterogeneity of mouse thymic macrophages in tissue sections by the immunohistochemical double staining method with four monoclonal antibodies (F4/80, Mac-2, anti-CD32/16 and anti-I-A antibodies) as macrophage markers. Morphologically, three types of macrophages were identified: dendritic, round and flat-shaped. Dendritic macrophages were scattered throughout the thymus, and most of them were stained by all four markers. Among these macrophages, those at the cortico-medullary region (CMR) expressed a high intensity of CD32/16 antigen. Round macrophages were also distributed throughout the thymus; most of them, however, were localized in the cortico-medullary region to the medulla. These cells were F4/80-negative, Mac-2-positive, CD32/ 16-negative and I-A-positive. In contrast, round macrophages located at the cortex expressed F4/80. Flatshaped macrophages were localized at the subcapsular region of the cortex where active lymphopoiesis was observed. This type was positive for F4/80 and CD32/16, but negative for Mac-2. Furthermore, most of the three types of thymic macrophages showed intense reactions of the I-A antigen within the cytoplasm in addition to the expression of I-A antigen on the cell membrane. These results indicate that morphological characteristics of thymic macrophages at different locations reflect phenotypic variations detected in immunohistochemistry, and suggest that these different type macrophages may play distinct roles at various locations in thymocyte development in the thymus.
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Macrophages, one of the stromal components of the thymus, are derived from the bone marrow hematopoietic stem cells and are distributed throughout the thymus (KAISERLING et al., 1974) . The major role of macrophages is the phagocytosis of dying, damaged thymocytes (KENDALL, 1991; NABARRA and ANDRIA-NARISON, 1991; NAKAMURA et al., 1995) . In addition, several other important functions of macrophages have been proposed, including cytokine production which might affect thymocyte proliferation, maturation and differentiation, and involvement in the negative selection of potentially self-reactive T cell clones (KYEWSKI et al., 1986; SPRENT et al., 1988; ZEIRA and GALLILY, 1988; DEMAN et al., 1996) .
Previous investigators have reported that macrophages in each organ are generally heterogeneous in their shape and function (NAITO et al., 1996) . Immunohistochemical examination in the rat, using ED1, ED2 and ED3 monoclonal antibodies, revealed distinct subpopulations of thymic macrophages in association with their characteristic distributions within the thymus (SMINIA et al., 1986) . The rat thymic macrophages were also investigated ultrastructurally, revealing three different populations: cortical macrophages accounting for the majority, macrophages with dense bodies and rare phagocytosis in the cortico-medullary zone, and medullary interdigitating cells (IDCs) (MILICEVIC et al., 1987) . Compared with those of the rat thymic macrophages, far fewer studies have focused on the heterogeneity of thymic macrophages in the mouse (TOUSSAINT-DEMYLLE et al., 1991) . Ultrastructural analysis of the mouse thymus has revealed the shape of cortical and medullary macrophages, and of IDCs at the cortico-medullary junction and in the medulla (NABARRA and ANDRIANARISON, 1991) . However, no precise immunocytochemical studies have been reported, except those in which mouse thymic macrophages were found positive for Mac-1 and Mac-2 (FLOTTE et al., 54 H. SOGA et al.: 1983; NABARRA and PAPIERNIK, 1988) .
We undertook this study for elucidation of thymic macrophage heterogeneity in the mouse thymus in relation to their phenotypes, distributions, localization and functions. Such a study was deemed useful for comprehending the mechanisms of thymocyte differentiation within the mouse thymus. To investigate precisely the phenotypic and functional heterogeneity of thymic macrophages, we examined the mouse thymus by a double color staining method using several combinations of monoclonal antibodies specific for mouse thymic macrophages. Tissue preparation and immunohistochemical detection of macrophages Immediately after dissection, the thymus was fixed with paraformaldehyde-lysine-periodate (PLP) fixative for 2h at 4C, immersed in 30% sucrose-phosphate buffered saline (PBS) overnight at 4C, to be quick-frozen in a mixture of acetone and dry ice.
MATERIALS
Frozen sections (8um thick) were placed on poly-L-lysine coated glass slides and air dried. After preincubation with PBS containing 5% normal goat serum, 5% bovine serum albumin (BSA), and 0.025% Triton X-100, the double staining was performed by one of the following three procedures: 1) Sections were incubated with the first step non-labeled monoclonal antibody, followed by incubation with the biotinylated goat anti-rat IgG antibody, and then incubated with Texas Red-labeled streptavidin. After washing, sections were stained with the second step FITC-labeled monoclonal antibody. 2) Sections were incubated with the first step non-labeled monoclonal antibody, followed by incubation with the FITClabeled goat anti-rat IgG antibody. After washing, sections were incubated with the biotinylated monoclonal antibody and then incubated with Texas Redlabeled spreptavidin. 3) Sections were incubated with the biotinylated monoclonal antibody, followed by incubation with Texas Red-labeled streptavidin. After washing, sections were treated with the FITCconjugated monoclonal antibody. Each protocol gave essentially identical results regarding macrophage staining.
Image analysis was carried out in either of the following two ways according to the equipment used Image data on the Macintosh personal computer were processed to enhance contrast and to combine fluorescence image with the DIC image by Photoshop image processing software for Macintosh (version 3.0, Adobe Systems, Inc., San Jose, CA). Images were reproduced on film with an LFR Mark II film recorder (Lasergraphics, Irvine, CA).
RESULTS

General
The most well-known antibodies for mouse macrophage markers, F4/80 and Mac-2, were used to take a brief look at macrophages in the thymus (Fig. 1a-c ). These were distributed throughout the thymus, though much more numerously in the medulla than in the cortex. The number and distribution pattern of the F4/80 macrophages were roughly comparable to those of Mac-2 positive cells (Fig. 1a, c) ; this was confirmed in double staining of the thymus with these two markers, showing that the majority of macrophages were doubly stained. Mac-2 single positive macrophages, however, were detected in a substantial number in the medulla.
Cortex
Among the numerous macrophages detected throughout the cortex, two morphologically distinct types could be discriminated (Fig. 2) . The major type had a dendritic shape with well developed cell processes extending into the narrow spaces around thymocytes. The other type of macrophage was rather round and obviously lacked cell processes. Although these macrophages were distributed throughout the cortex, the number of the dendritic macrophages was much greater than that of the round macrophages (Fig. 2) . Double staining of sections with F4/80 and Mac-2 demonstrated that the dendritic macrophages were intensely stained with both of these two markers. On the other hand, the round macrophages were strongly stained by Mac-2, but only weakly by F4/80 (Fig. 2) .
In sections doubly stained with CD32/16 and Mac-2, the dendritic macrophages were double positive for these two markers; the round macrophages were positive for Mac-2 and negative for CD32/16 (Fig. 3) . I-A antigen was detected in a reticular pattern, most of which was expressed on the thymic epithelial cells (Fig. 4) . Two-color staining of sections with anti I-A and F4/80 antibodies, however, revealed that most of the dendritic macrophages were I-A-positive (Fig. 4) . In addition to the detection of I-A antigen along the cell membrane, the intense reaction of I-A antigen was also observed within the cytoplasm of the dendritic macrophages (Fig. 4) . Since the number of round macrophages was very small, it could not be clearly determined whether they expressed I-A antigens.
Subcapsular region
In addition to the two types of cortical macrophages described above, flat shaped macrophages were localized at the subcapsular region of the cortex (Fig. 5) . These cells were F4/80-positive but Mac-2-negative (Fig. 5) . Double staining by Mac-2 and anti-CD32/16 indicated that flat shaped macrophages at the subcapsular region expressed CD32/16 but not Mac-2 (Fig.  3) .
Medulla
A large population of macrophages were present also in the medulla (Figs. 1a-c, 6 ). These were composed of both dendritic macrophages and round macrophages (Fig. 6) . The number of round macrophages was greater in the medulla-especially at the periphery of this area-than in the cortex (Fig. 6 ). Double staining with F4/80 and Mac-2 demonstrated that the dendritic macrophages were strongly stained by these two markers (Fig. 6 ), similar to cortical dendritic macrophages.
The round macrophages were Mac-2-positive but F4/80-negative (Fig.  6 ), contrary to cortical round macrophages (Mac-2 positive and F4/80 weakly positive). Furthermore, the F4/80-positive and Mac-2-positive dendritic macrophages expressed CD32/16 while the round macrophages did not express this antigen (Fig. 7) .
The medulla could be recognized as a discrete area in the immunostaining by the anti-I-A antibody (Fig.  8) . This region showed a rather confluent staining Red (red). The major type of macrophages are of dendritic morphology with well developed cell processes (arrowheads). On the other hand, a very small number of the round macrophages are detected in the cortex (arrow). These are strongly stained by Mac-2, but only weakly by F4/80. X600 pattern. The major number of cells expressing I-A antigen were considered to be thymic epithelial cells. Most medullary macrophages, their morphology and phenotypes notwithstanding, highly expressed I-A antigen along the cell membrane as well as in their cytoplasm (Fig. 8) .
Cortico-medullary region (CMR)
Staining with anti-CD32/16 antibody clearly demonstrated that dendritic macrophages strongly expressing CD32/16 were specifically localized at the CMR of the thymus (Fig. 9) . Double staining of sections with anti-CD32/16 and anti-I-A antibodies confirmed that these . CD32/16 positive macrophages aggregated along but slightly outside the border of the strongly I-A positive medulla (Fig. 10) . Only a minor fraction of these macrophages expressed I-A antigen. These macrophages were also stained by both Mac-2 and F4/80 (Figs. 11, 12) .
Round macrophages were also detected at this region. These cells were F4/80-negative, Mac-2-positive and CD32-negative (Figs. 11, 12) .
The immunohistochemical heterogeneity of thymic macrophages is summarized in Table 2 .
DISCUSSION
In the present study, we have performed morphological and immunohistochemical analysis of macrophages in the mouse thymus. We adopted the twocolor analysis for immunohistochemistry throughout the course of the experiments.
Single color staining alone could not depict the exact phenotypical identity of any cellular components of the thymus; an accurate interrelation between expression patterns of different antigens could not be elucidated by single color analyses no matter how many antigens were used in combination. Dual color analyses are thus critically important to obtain correct information about the accurate identity and distinction of, and lineage relationship between subsets, if any, of mouse thymic macrophages, when several surface markers have to be complementarily used with each other. Although other monoclonal antibodies such as Mac-1 and Moma-1 are also available, we chose the four monoclonal antibodies listed in Table 1 . Mac-1 was considered inappropriate for the study because it detected neutrophils in the thymus more strongly than thymic macrophages. Moreover, Moma-1 has so far not been used to detect thymic macrophages.
Three distinct subpopulations were phenotypically categorized as follows:
1) Dendritic macrophages
The predominant subpopulation of thymic macrophages comprises a large and dendritic type with many processes, scattered throughout the thymic parenchyme, both in the cortex and in the medulla, expressing Mac-2, F4/80, and CD32/16, as well as I-A antigens. Since these macrophages have been considered to be phagocytic in nature (NIBBERING et al., 1987; BREDIUS et al., 1993) , it is reasonable to assume that they are responsible for phagocytosing dying thymocytes (KENDALL, 1991; NABARRA and ANDRIANARISON, 1991; SURH and SPRENT, 1994; NAKAMURA et al., 1995) . In fact, electron microscopy revealed, in thymic macrophages with well-developed cell processes often containing a number of phagosomes with ingested thymocytes at various stages of degradation (NAKAMURA et al., 1995) . In addition, a subtype of dendritic macrophages was noted in the CMR in this study. The extent of CD32/16 expression in dendritic type CMR macrophages was much greater compared with those in macrophages in other sites. As stated, VAN DE WINKEL and ANDERSON, 1991; BREDIUS et al., 1994) , CMR macrophages strongly expressing these antigens would be a more specified population for ingesting dying thymocytes than those in other locations.
2) Round macrophages
The second major type was round small macrophages that obviously lacked cell processes, and were mainly detected in the medulla and the CMR. Phenotypically, they were positive for Mac-2 but negative for F4/80 and CD32/16; I-A antigens were detected in these cells. On the basis of their characteristic distribution pattern, small cell size, and their unique phenotype; 1) they could be involved in the final stage of thymocyte differentiation, 2) they may represent an immature thymic macrophage population which may have just entered the thymus via vessels running through the septa to the medulla and/or the CMR (KAISERLING et al., 1974) , or 3) their origin may differ from that of dendritic type macrophages. Our preliminary observations by electron microscopy showed that these Mac-2 positive, small round-shaped cells were large lymphoid cells displaying little, if any, phagocytotic activities (NAKAMURA et al., unpublished observations) .
Detailed examination will be required to characterize this subset of thymic macrophages.
Small round-shaped cells present in the cortex appeared to weakly express F4/80 in addition to Mac-2, producing a slight contrast with those in the medulla and in the CMR. I-A expression in these cortical cells could not be sufficiently assessed due to their low number. Whether these populations belong to the same lineage or to separate populations remains unclear.
3) Subcapsular flat macrophages
The last type, slender and flat macrophages, extending their processes along with and underneath the capsule, is present in the Subcapsular region. This type of macrophage was small in quantity. They were positive for F4/80 and CD32/16, but negative for Mac-2. We concluded that subcapsular flat macrophages constitute an independent subset of thymic macrophages from the dendritic and the medullary round types described in this study. Thymocytes divide extensively at the subcapsular region; lymphoblasts are aggregated to form the prominent zone, which always gives a positive reaction for proliferatioe cell nuclear antigen (PCNA) (VON GAUDECKER, 1991); a number of cells at various phases of mitoses are present in this region. It is, therefore, highly probable that flat macrophages may play some important roles in thymocyte proliferation and selective differentiation.
Ultrastructural studies followed by functional analyses of these flat macrophages are essential to delineate of their biological significance.
Interaction between major histocompatibility complex (MHC) antigen class II, I-A and the T cell antigen receptors (TCR) is considered to be the critical step for the positive and/or negative selection of thymocytes (BLACKMAN et al., 1990; OWEN and MOORE, 1995) . Thymic epithelial cells are the most abundant source of I-A in the thymus, and are thought to play a major role in the positive selection ( VAN EWIJK et al., 1988) . I-A antigens expressed by bone marrow-derived cells including macrophages are a candidate molecule responsible for the negative selection (KYEWSKI et al., 1986; KENDALL, 1991) . In this context, it is noteworthy that nearly all thymic macrophage subsets, if not all, had I-A antigens. However, previous studies by flow cytometry and immunohistochemistry have demonstrated that only about half of thymic macrophages bear the I-A antigens (flow cytometry: NABARRA and PAPIERNIK, 1988, and our unpublished observations; immunohistochemistry: VAN EWIJK et, al., 1980) . The inconsistency may be derived from: 1) the different methods used for the detection of I-A (either immunohistochemistry or flow cytometry); 2) the different fixatives used for immunohistochemical procedures-we used the PLP method, which is considered the most suitable fixative to preserve proteins and peptides (YOSHIMURA et al., 1980; MURAKOSHI et al., 1981) , as compared with the mixture of paraf ormaldehyde and glutaraldehyde ( VAN EWIJK et al., 1980) ; or 3) the different subcellular localization of I-A antigens. Whether or not I-A was expressed on the surface could be confirmed by flow cytometry, but not accurately by light microscopy of tissue sections; in contrast, whether or not the antigen was present in the cytoplasm could be demonstrated by immunohistochemistry, but not by flow cytometry. FARR and NAKANE (1983) indicated the intense immunolabeling of I-A antigens within the cytoplasm of thymic reticular cells. Detailed immuno-electron microscopy combined with flow cytometry will have to address this controversial issue.
Investigators have stated that the ICDs, another component of the bone marrow-derived cells, are localized at the CMR and the medulla (NABARRA and PAPIERNIK, 1988; NABARRA and ANDRIANARISON, 1991) . Previous immunohistochemical studies also demonstrated that IDCs were I-A-positive, Mac-2-positive and F4/80-negative (NABARRA and PAPIERNIK, 1988; ARDAVIN and SHORTMAN, 1992) . Although round macrophages in this study seemed to share similar or common features in phenotype and distribution pattern with the IDCs, their size and shape were in sharp contrast with those of previously reported IDCs. This discrepancy will have to be resolved by immunoelectron microscopy, since the identity of IDCs is originally defined ultrastructurally.
